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Hydrogel Bioscaffoldings and Biomedical Device Coatings 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

[0001] The present invention relates to the field of bioscaffoldings formed in an 
infarct region of the heart or bioscaffoldings used as a coating on biomedical 
device such as a stent or a pacemaker lead. In particular, the invention relates to 
biofunctionalized bioscaffoldings formed of hyaluronan crosslinked with another 
type of hydrogel that is naturally found in the extra-cellular matrix (ECM), such 
as collagen, collagen-laminin, and poly-l-lysine. Fibrinogen or alginate hydrogels 
may also be used in combination with hyaluronan. 

2. DISCUSSION OF RELATED ART 

[0002] Myocardial infarction (MI) is one form of heart disease that often results 
from the sudden lack of the supply of oxygen and other nutrients due to the lack 
of blood supply to a portion of the heart. The lack of blood supply is a result of 
the closure of the coronary artery that nourishes a part of the heart muscle in the 
left ventricle. The coronary artery 1 10 containing a blockage 120 is illustrated in 
Figure la. The cause of this event in coronary vessels is generally caused by 
arteriosclerosis, the "hardening of the arteries." MI may also be the result of 
minor blockages where, for example, there is a rupture of cholesterol plaque 
resulting in blood clotting within the artery. Thus, the flow of blood is blocked 
and downstream cellular damage occurs. As a result of this insult to the heart 
tissue, scar tissue tends to naturally form. Figures la and lb illustrate the 
progression of heart damage once the build-up of plaque induces a blockage 120 
to occur. Figure la illustrates a site of a blockage 120 and the resulting restricted 
blood flow can occur from any of the indicated causes. Figure lb illustrates the 
extensive damage to the left ventricle that can be a result of the lack of oxygen 
and nutrient flow to the left ventricle of the heart 100. Figure lb illustrates the 
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two regions of an infarct region. The infarct region has (1) the "necrotic zone" 
130 which is a region of significant necrosis/apoptosis tissue and (2) the "border 
zone" 140 that consists of a large concentration of apoptotic and necrotic tissue as 
well as viable tissue, ha the border zone the cells exist in an oxygen-deprived 
state due to the blockage 120 of the coronary artery 1 10. The region of the heart 
beyond the border zone 140 is the "remote zone" which is remote of the infarct 
region and of the damage. 

[0003] The infarct area will likely undergo remodeling and will eventually form a 
scar, leading to an area of the heart that does not contract. The remodeling of the 
heart is due to mechanical forces resulting in uneven stress and strain distribution 
in the left ventricle. MI damage can cause irregular rhythms of the heart that can 
be fatal, even though the remaining muscle is strong enough to pump a sufficient 
amount of blood. Remodeling of the heart begins immediately after an ML The 
principle components of the remodeling event include myocyte death, edema and 
inflammation, followed by fibroblast infiltration, collagen deposition, and finally 
scar formation. The principle component of the scar is collagen. Because mature 
myocytes of an adult are not regenerated, the infarct region experiences 
significant thinning, as illustrated in Figure 2b. Figure 2a illustrates a normal 
cross-section of a wall of the left ventricle 210. Figure 2b illustrates the thinning 
of the wall 220 after an MI. During systole (contraction of the left ventricle), due 
to the remodeling of the region, the infarct region may not move very much at all 
as illustrated in figure 2b. The remodeling of the region may also cause the wall 
220 to bulge out as illustrated in Figure 2c, and in an extreme case, rupture. 
[0004] Over time, post-MI morphological changes occur. The gross 
morphological changes that occur over approximately a 7-week period are pallor 
of the myocardium that leads to some hyperemia, and then a yellowing starts to 
occur central to the damaged region. At approximately 15 days, the area is mostly 
yellow with soft vascular margins. This area eventually turns white from fibrosis. 
On a microscopic level, the initial examination reveals wavy myocardial fibers. 
Coagulation and necrosis with loss of cross striations occur followed by 
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contraction bands, edema, hemorrhage, and neutrophilic infiltrate. Within 24-72 
days there is total loss of nuclei and striations and heavy neutrophilic infiltrate. 
Then macrophage and mononuclear infiltration begin resulting in a fibrovascular 
response. Once this fibrovascular response occurs, prominent granulation of the 
tissue follows. This ultimately leads to fibrosis and a scar is formed by about 7 
weeks post MI. This timeline illustrates the importance of regenerating the infarct 
region within a time before extensive scarring and damage occurs. 
[0005] Despite recent advances in the treatment of acute myocardial infarction 
(MI), the ability to repair extensive myocardial damage and to treat heart failure is 
limited. The myocardium is unable to regenerate because there are insufficient 
numbers of cardiomyocytes or because the cardiomyocytes cannot replicate after 
injury and because there apparently are no muscle stem cells in the myocardium. 
The damage of MI is often progressive. Patients who survive MI are prone to scar 
tissue formation and aneurismal thinning of the damaged region. Even in the 
absence of cardiac aneurysm, the loss of viable myocardium can result in 
increased wall stress in the remaining myocardium, eventually triggering a 
sequence of molecular, cellular, and physiological responses that lead to left 
ventricular (LV) dilatation and heart failure. 

[0006] In most cases, cardiac transplantation is the only available treatment that 
significantly lengthens and improves quality of life. It is limited, however, due to 
a chronic shortage of donor hearts. A possible strategy to restore heart function 
after myocardial injury is to induce angiogenesis through the use of a scaffolding. 
The scaffold temporarily provides the biomechanical support for the cells until 
they produce their own extracellular matrix and the scaffold may also lower stress 
in the infarct region by bulking up the region. Because the scaffolding may 
contain or attract living cells, they may have the potential to induce angiogenesis. 
Angiogenesis is the growth of new capillaries in the region. After an MI, the 
infarct tissue as well as the border zone and the remote zone begin to remodel. 
The scar tissue forms in the infarct region as the granulation is replaced with 
collagen, causing the scar to thin out and stretch. The perfusion (oxygen flow) in 
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this region is typically 10% of the healthy zone, decreasing the number of active 
capillaries and therefore limiting the amount of angiogenesis that may occur. 
Increasing the number of capillaries may lead to an increase in angiogenesis. 
Other benefits of increasing blood flow to the infarcted region is to provide a 
route for circulating stem cells to seed and proliferate in the infarct region. 
Angiogenesis may lead to increased oxygenation for the surviving cellular islets 
within the infarct region, or to prime the infarct region for subsequent cell 
transplantation of myocardial regeneration. In the border zone, surviving cells 
would also benefit from an increase in blood supply through an angiogenesis 
process. In the remote zone, where cardiac cells tend to hypertrophy and become 
surrounded with some interstitial fibrosis, the ability of cells to receive oxygen an 
therefore function to full capacity are also compromised; thus, angiogenesis 
would be beneficial in these regions as well. 

[0007] Bioscaffoldings have been formed from a number of different materials. 
One type of material is a pure alginate scaffolding. Alginate scaffoldings have 
been implanted as grafts containing fetal cardiac cells into rats and were shown to 
stimulate neovascularization and attenuated left ventricle dilation and failure. 
Alginate scaffolds are formed of algae, and are thus not a material that is found 
naturally in the body. Materials naturally found in the body, and in particular 
materials that are naturally found in the extracellular matrix (ECM) have also 
been used to form bioscaffoldings. The ECM is a complex network of fibrillar 
proteins and glycosaminoglycans, and serves to provide cells with information on 
their environment. Materials found in the ECM include collagen, hyaluronan, and 
laminin. The advantage of using these materials to form bioscaffoldings is that 
they are naturally occurring in the body and may therefore be degraded by 
enzymes naturally found in the body, such as hyluronidase and colleganase, and 
then absorbed. Non-functionalized bioscaffoldings formed of these materials 
include collagen/matrigel-based cardiac muscle constructs, alginate elastin, 
alginate laminin, hyaluronan, collagen, and collagen hyaluronan hydrogels. 
Hyaluronic acid hydrogel implants have been loaded with one of two cytokines, 
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vascular endothelial growth factor (VEGF) or basic fibroblast growth factor 
(bFGF), to elicit new microvessel growth in vivo. Some of these bioscaffoldings 
have been seeded with stem cells or other types of cells to generate new heart 
tissue and capillary growth into the scaffolding region. Providing non- 
functionalized scaffoldings atone to an infarct region of the heart can cause 
angiogenesis because it is a foreign body. But, non-functionalized scaffoldings or 
scaffoldings seeded with stem cells provide angiogenesis at a fairly slow rate. It 
would be valuable to provide a high rate of angiogenesis in as short a time as 
possible. 

SUMMARY OF THE INVENTION 

[0008] Bioscaffoldings formed of hydrogels that are crosslinked in situ in an 
infarcted region of the heart (myocardium) by a Michael's addition reaction or by 
disulfide bonds formed by an oxidative process are described. The 
bioscaffoldings may be formed of hydrogel components that are found naturally 
in the body. The hydrogel components may be compounds found naturally in the 
extracellular matrix (ECM). The hydrogel components may be hyaluronan, 
collagen, collagen-Iaminin, poly-l-lysine, or fibrin. The bioscaffolding may 
include hyaluronan as one of the hydrogel components and the other component 
may be selected from collagen, collagen-Iaminin, poly-l-lysine, and fibrin. In one 
embodiment the bioscaffolding may further include an alginate component. The 
bioscaffolding may have biofunctional groups such as angiogenic factors and 
stem cell homing factors bound to the collagen, collagen-Iaminin, or poly-l-lysine 
hydrogel component. In particular, the bioscaffoldings may have PR1 1, PR39, 
VEGF, bFGF, SDF-1, a polyarginine and DNA plasmid complex, or a 
DNA/polyethyleneimine (PET) complex. 

[0009] Methods of delivering the hydrogel components and crosslinking the 
hydrogel components in situ in an infarcted region of the heart (myocardium) by 
Michael's additions or by disulfide bonds formed by an oxidative process are also 
described. In one embodiment, the hydrogel components may be crosslinked by a 



-5- 



WO 2006/113407 



PCT/US2006/014021 



Michael's reaction where one of the hydrogel components is functionalized with a 
nucleophile (Michael donor) and the other hydrogel component is functionalized 
with an electrophile (Michael acceptor) such that when the two hydrogel 
components come into contact with one another a Michael's addition reaction will 
occur to form the crosslinked bioscaffolding in situ. In another embodiment, the 
hydrogel components may be crosslinked by a Michael's reaction where each of 
the hydrogel components is functionalized with nucleophiles and a third 
component is added to the two hydrogel components to crosslink the hydrogel 
components. This third component is a crosslinking functionality that is 
functionalized on both ends with electrophiles that will react with the 
nucleophiles on the hydrogel components through Michael's reactions to 
crosslink the hydrogel components in situ. 

[0010] In another embodiment, disulfide bonds formed by an oxidative process 
may crosslink the hydrogel components in situ. In this embodiment the hydrogel 
components are functionalized with thiol groups and are placed in the presence of 
oxygen or oxidative compounds. 

[0011] In another embodiment the hydrogel components of the bioscaffolding 
may be delivered to an infarcted region of the heart (myocardium) in combination 
with microspheres containing a growth factor such as IGF or a stem cell homing 
factor such as GCSF to increase the release of stem cells throughout the body 
from the bone marrow. 

[0012] In yet another embodiment, the hydrogel components of the bioscaffolding 
may be delivered to an infarcted region of the heart (myocardium) in combination 
with stem cells. The stem cells may be mesenchymal stem cells or allogenic stem 
cells. The hydrogel components delivered in combination with mesenchymal 
stem cells may be hyaluronan and collagen or hyaluronan and fibrinogen. In an 
embodiment, a pore forming agent may be delivered along with the hydrogel 
components and the stem cells. In one particular embodiment, the pore forming 
agent may be delivered in combination with fibrin hydrogel components and the 
stem cells. 
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[0013] The bioscaffoldings may also be used to coat stents or cardiac medical 
devices such as pace-maker leads. In these embodiments the bioscaffoldings 
would be functionalized with DNA plasmids complexed to polyarginine, poly-1- 
lysine, or with DNA/PEI complexes. The DNA functionalized on the 
bioscaffoldings encodes proteins that would be valuable for expression by the 
cells in the positions in the body where either a stent or a pace-maker lead would 
be placed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] Figures la and lb illustrate a heart before and after a myocardial 
infarction as well as cross-sectional view of a clogged artery. 
[0015] Figures 2a-2c illustrate the position of a wall of the heart during systole 
and diastole (contraction) where the wall of the heart is normal and where the 
wall of the heart has thinned after a myocardial infarct. 

[0016] Figures 3a-3b illustrate a two-bored needle and the position of injection 
of the two-bored needle into an infarcted region of the heart. 
[0017] Figure 4a is a flow chart illustrating a first embodiment of a method of 
forming a bioscaffolding by crosslinking a first hydrogel component and a second 
hydrogel component by a Michael's addition reaction. 

[0018] Figure 4b is a flow chart illustrating a first embodiment of a method of 
forming a bioscaffolding by crosslinking a first hydrogel component and a second 
hydrogel component by a disulfide bond formed by and oxidative process. 
[0019] Figure 5a is an illustration of hyaluronan functionalized with various 
electrophiles. 

[0020] Figure 5b is an illustration of a disulfide bond formation through an 
oxidative process. 

[0021] Figure 5c is an illustration of a DNA plasmid linked to a hydrogel by an 
ionic bond with polyarginine. 



-7- 



WO 2006/113407 



PCT/US2006/014021 



[0022] Figures 5d and 5e is an illustration of a pair of bar graphs illustrating the 
greater transfection rate of DNA plasmids complexed to polyarginine than DNA 
plasmids that are not complexed to polyarginine. 

[0023] Figures 5f and 5g illustrate a DNA/PEI complex bound to hyaluronan 
through an ionic bond and through a covalent bond, respectively. 
[0024] Figures 5h - 51 illustrate an exemplary embodiment of the method of 
forming a bioscaffolding by crosslinking a first hydrogel component and a second 
hydrogel component by a Michael's addition reaction. 

[0025] Figure 6a illustrates a bar graph of the mesenchymal stem cell viability 

one day after coinjection with the different bioscaffoldings. 

[0026] Figure 6b illustrates a bar graph of the mesenchymal stem cell viability 

and proliferation 6 days after coinjection with the different bioscaffoldings. 

[0027] Figure 7a is a flow chart illustrating a second embodiment of a method of 

forming a bioscaffolding by crosslinking a first hydrogel component to a second 

hydrogel component by a crosslinking functionality. 

[0028] Figure 7b is an illustration of several variations of crosslinking 

functionalities. 

[0029] Figure 7c is an alternate embodiment of the method of forming a 
bioscaffolding by crosslinking a first hydrogel component to a second hydrogel 
component by a crosslinking functionality. 

[0030] Figures 8a - 8e illustrate an exemplary embodiment of the method of 
forming a bioscaffolding by crosslinking a first hydrogel component to a second 
hydrogel component by a crosslinking functionality. 

[0031] Figure 9a is a flow chart illustrating a method of injecting bioscaffolding 

components into the infarct region of the heart along with stem cells. 

[0032] Figures 9a - 9c illustrate forming a bioscaffolding with hyaluronan and 

fibrin. 

[0033] Figure 10 illustrates an embodiment of forming a polymer bound to a 
plasmid through a polyarginine to serve as a coating for a medical device. 
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DETAILED DESCRIPTION OF THE PRESENT INVENTION 
[0034] In the following section, several embodiments of, for example, processes, 
compositions, devices and methods are described in order to thoroughly detail 
various embodiments. It will be obvious though, to one skilled in the art that 
practicing the various embodiments does not require the employment of all or 
even some of the specific details outlined herein. In some cases, well known 
methods or components have not been included in the description in order to 
prevent unnecessarily masking various embodiments. 

[0035] Bioscaffoldings formed of hydrogels that are crosslinked in situ in an 
infarcted region of the heart (myocardium) are described. The hydrogels may be 
crosslinked to form a bioscaffolding by a Michael's addition reaction or by 
disulfide bonds formed by an oxidative process. Angiogenesis in an infarcted 
region of a heart (myocardium) may be induced by forming a bioscaffolding in 
the infarct region to provide mechanical support and to accelerate angiogenesis. 
Angiogenesis is the growth of capillaries into the infarcted region and the 
regeneration of myocytes. The bioscaffolding may be formed of hydrogel 
components that are found naturally in the body. Many of the hydrogel 
components may be found naturally in the extracellular matrix (ECM). These 
hydrogel components are hyaluronan in combination with collagen, collagen- 
laminin, poly-l-lysine, or fibrinogen. The collagen, coUagen-laminin, poly-1- 
lysine, or fibrin include cellular binding cites. The hydrogel components may 
further include alginate components. The bioscaffoldings may have biofunctional 
groups such as angiogenic factors and/or anti-apoptotic factors bound to a 
collagen, a collagen-laminin, or a poly-l-lysine hydrogel component. In 
particular, the biofunctional groups may be PR1 1, PR39, VEGF, bFGF, a 
polyarginine and DNA plasmid complex, or a DNA/polyethyleneimine (PEI) 
complex. The hydrogel components may be injected into the infarct region along 
with microspheres containing stem cell homing factors, growth factors such as 
IGF (insulin-like growth factor), and stem cell release factors such as GCSF 
(granulocyte colony stimulating factor). Additionally, the hydrogel components 
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may be injected into the infarct region along with stem cells, such as 
mesenchymal stem cells. Pore forming agents may also be co-injected with any 
of the hydrogel components. 

[0036] In one embodiment, the hydrogel components may be crosslinked by a 
Michael's reaction where one of the hydrogel components is functionalized with a 
nucleophile (Michael donor) and the other hydrogel component is functionalized 
with an electrophile (Michael acceptor) such that when the two hydrogel 
components come into contact with one another a Michael's addition reaction will 
occur between the nucleophile and the electrophile to form the crosslinked 
bioscaffolding in situ. In an alternate embodiment the hydrogel components may 
be crosslinked by disulfide bonds formed by an oxidative process. These types of 
reactions are valuable for crosslinking hydrogel components in situ because they 
are reactions that occur under physiological conditions, and in particular may 
occur under the conditions found in a myocardial infarct region of a heart. The 
hydrogel components that are functionalized with a nucleophile or an electrophile 
for a Michael's reaction also allow for the reaction of particular components with 
one another. Additionally, the Michael's reaction occurs relatively quickly, on 
the order of seconds to hours. Crosslinking the hydrogel components by disulfide 
bonds formed by an oxidative process also occurs under the physiological 
conditions found in the myocardial infarct region of a heart. The infarct region 
has a lot of oxygen and oxidative stress that cause very fast disulfide bond 
formation. Oxidative stress is created by secretion of superoxide radical anions 
and peroxides by macrophages that migrate into the infarct region due to cell 
death. The superoxide radical anions and peroxides provide for the fast 
crosslinking of the hydrogel components through disulfide bonds formed by an 
oxidative process. 

[0037] Hyaluronan is used as one of the hydrogel components because it provides 
mechanical support and because it is a component of the extra-cellular matrix 
material found naturally in the body and thus may be degraded naturally over time 
by the body by the enzyme hyaluronase as cells move into the bioscaffolding and 
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angiogenesis of the myocardial infarct region occurs. Additionally, hyaluronan 
includes hydrophilic portions (hyaluronic acid) that promote perfusion of body 
fluid into the bioscaffolding to allow for the passive transport of oxygen and 
nutrients into the myocardial infarct region and for the removal of waste products. 
But, it would also be valuable to form a bioscaffolding that includes cellular 
binding sites and includes angiogenic factors and/or anti-apoptotic factors bound 
to the bioscaffolding. For these properties, hyaluronan is crosslinked to a second 
hydrogel that may also be found in the extracellular matrix and which also allows 
for cellular adhesion, such as collagen, collagen-laminin, poly-l-lysine, or 
fibrinogen. Collagen, collagen-laminin, poly-l-lysine, and fibrinogen include 
cellular binding cites. Furthermore, angiogenic factors and/or anti-apoptotic 
factors may be bound to the second hydrogel component collagen, collagen- 
laminin, or poly-l-lysine to further induce angiogenesis. Therefore, hyaluronan in 
combination with a second hydrogel such as those just described provides a 
bioscaffolding with superior properties for angiogenesis of a myocardial infarct 
region of the heart. 

[0038] In these embodiments, the bioscaffolding is formed in the infarct region by 
injecting a two-bored delivery lumen, such as the two-bored needle 300 illustrated 
in Figure 3a, into an infarcted region of the myocardium. In an alternate 
embodiment, the two-bored delivery lumen may be a two-bored catheter. The 
two-bored needle 300 has a first portion containing a first hydrogel component 
330 provided at block 410 of Figure 4 and a second portion containing a second 
hydrogel component 340 provided at block 420 of Figure 4a. The first hydrogel 
component 330 may be hyaluronan. In the embodiment where a Michael's 
reaction is used to cross-link the hydrogel components, hyaluronan may be 
functionalized with a nucleophile (Michael donor.) In the embodiment where 
disulfide bonds formed by an oxidative process is used to cross-link the hydrogel 
components, hyaluronan may be functionalized with a thiol. Figure 5a illustrates 
hyaluronan 500 functionalized with the electrophiles such as a pegylated acrylate 
5 1 0, a pegylated methacrylate 520, a pegylated vinyl sulfone 530, or a pegylated 
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malemide 540. Figure 5b illustrates hyaluronan 500 functionalized with a thiol 
521. Hyaluronan is a material that is found naturally in the extra-cellular matrix 
(ECM). Hyaluronan therefore has a good chance of acceptance by the body as 
part of a bioscaffolding and it may also be degraded within the body by 
hyaluronidase, an enzyme found naturally in the body. Hyaluronan serves as a 
hydrophilic portion of the bioscaffolding that promotes the perfusion of body 
fluid into the bioscaffolding, and thus the infarct region. The hydrophilic 
properties of hyaluronan also allows for the passive transport of oxygen into the 
region and nutrients into the region, as well as the transport of waste products out 
of the region. These are all important functions in supporting angiogenesis in an 
infarct region. Hyaluronan is also a valuable hydrogel component in the 
bioscaffolding due to its thromboresistance (will not cause the clotting of 
platelets), hemocompatibility, and non-fouling (prevents proteins from adhering 
to surface of bioscaffolding) properties. But, hyaluronan alone is not enough to 
support the viability of myocyte regeneration in the infarct region. A second 
hydrogel component is needed to provide for cellular adhesion, additional 
mechanical support, and binding and release cites for biofunctionalities such as 
angiogenic factors or DNA sequences that may produce angiogenic factors. 
[0039] The second hydrogel component 340 within a portion of the two-bored 
needle 300 may be collagen, collagen-laminin, poly-l-lysine, or fibrinogen. In 
one embodiment, these components maybe functionalized with a nucleophile 
(Michael donor) that can react with the electrophile (Michael acceptor) on 
hyaluronan when combined in situ. In another embodiment, the second hydrogel 
component may be functionalized with a thiol to crosslink the bioscaffolding by 
disulfide bond formation by an oxidative process. Collagen and collagen-laminin 
are components of the ECM and may be found naturally in the body and may be 
degraded over time by enzymes that are naturally occurring in the human body 
such as collegenase. 

[0040] Poly-l-lysine is an amino acid chain that can form long chain polymers and 
is a component to which cells may adhere. Additionally, each amine of the amino 
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acids on the backbone of poly-l-lysine is capable of undergoing a Michael's 
addition reaction because they are nucleophiles (Michael donors.) This is valuable 
because poly-l-lysine may be cross-linked with hyaluronan through a Michael's 
addition to the electrophile groups such as acrylate, methacrylate, vinyl sulfone or 
a malaimide that may be bound to the hyaluronan hydrogel component. Also, the 
terminal amines or side-chain amines of the amino acids of poly-l-lysine can bind 
to biofunctionalities such as angiogenic factors through an amide bond. 
[0041] A collagen modified with a thiol functionality and cysteine terminal 
laminin fragments ("collagen-laminin") may also be used. The collagen of the 
collagen-laminin also binds to those cells expressing alpha-2-beta-l integrin, such 
as endothelial cells. The laminin fragment of the collagen-laminin binds to 
cardiomyocytes. The binding of cardiomyocytes to laminin is described in (In 
vitro generation of differentiated cardiac myofibers on micropatterned laminin 
surfaces by Devitt, et. al., 2002 Wiley Periodicals, Inc. J Biomed Mater Res 60: 
472-479). 

[0042] The backbone of collagen has a non-specific cell binding sequence based 
on the arginine-glycine-aspartic acid peptide sequence (RGDx). The RGDx 
sequence of collagen can bind to both the cells in the infarcted region to hold the 
scaffolding in place and to the stems cells that enter the scaffolding. For example, 
the collagen may bind to cells expressing alpha-2-beta-l integrin, such as 
endothelial cells. Additionally, bioscaffoldings formed of both hyaluronan and 
collagen have been shown to increase the viability and proliferation of 
mesenchymal stem cells that are coinjected into the infarct region with the 
bioscaffolding components. Figure 6a illustrates a bar graph of the mesenchymal 
stem cell viability one day after coinjection with hyaluronan and collagen. The x- 
axis shows the different experiments conducted, including the cells alone, a pure 
thiolated hyaluronan bioscaffolding (HA-SH H 2 0 2 ) in combination with 
mesenchymal cells, a pure thiolated collagen bioscaffolding (Col-SH H 2 0 2 ), and a 
bioscaffolding formed of hyaluronan and collagen (Col:HA H 2 0 2 ) in combination 
with mesenchymal cells (CohHA H 2 Q 2 ). The number of cells is on the Y-axis. 
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The viability of the mesenchymal stem cells in the presence of both collagen and 
hyaluronan (Col:HA H 2 0 2 ) is approximately 79% of the viability of cells alone, 
whereas the viability of the mesenchymal stem cells in the presence of a 
hyaluronan only bioscaffold (HA-SH H 2 0 2 ) is approximately 67% of the viability 
of cells alone and the viability of mesenchymal stem cells in the presence of a 
collagen only bioscaffold (Col-SH H 2 0 2 ) is approximately 58% . Figure 6b 
illustrates a bar graph of the mesenchymal stem cell viability and proliferation six 
days after coinjection with the different bioscaffoldings. Similar to the graph in 
Figure 6a, the x-axis shows the different experiments conducted, including the 
cells alone, a pure thiolated hyaluronan bioscaffolding (HA-SH H 2 0 2 ) in 
combination with mesenchymal cells, a pure thiolated collagen bioscaffolding 
(Col-SH H 2 0 2 ), and a bioscaffolding formed of hyaluronan and collagen (CohHA 
H 2 0 2 ) in combination with mesenchymal cells (Col:HA H 2 0 2 ) and the number of 
cells is on the Y-axis. The viability of the mesenchymal stem cells with cell 
proliferation in the presence of both collagen and hyaluronan (CohHA H 2 0 2 ) is 
approximately 73% of the viability of cells alone, whereas the viability of the 
mesenchymal stem cells in the presence of a hyaluronan only bioscaffold (HA-SH 
H 2 0 2 ) is approximately 27% of the viability of cells alone and the viability of 
mesenchymal stem cells in the presence of a collagen only bioscaffold (Col-SH 
H 2 0 2 ) is approximately 28%. The selective binding of the mesenchymal stem 
cells to hyaluronan may attract a larger proportion of mesenchymal stem cells into 
the region of the bioscaffolding that may in turn cause greater numbers of 
mesenchymal stem cells to bind to the non-specific RGDx binding cites of 
collagen. Hyaluronan selectively attracts mesenchymal stem cells. This is 
because hyaluronan has CD44+ binding cites that bind to the CD44- binding cites 
of mesenchymal stem cells. Furthermore, hyaluronan is hydrophilic which 
prevents the adhesion of other proteins to hyaluronan to bind other types of cells. 
Fibrinogen, like collagen, also has nonspecific RGDx binding cites and may 
therefore be substituted in place of collagen. Fibrinogen is a biopolymer that is 
found naturally in the body to form blood clots. A hyaluronan and fibrinogen 
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bioscaffolding may also increase the viability and proliferation of mesenchymal 
stem cells similar to the increase of viability and proliferation of mesenchymal 
stem cells that was found by the combination of hyaluronan and collagen. 
[0043] In another embodiment, the first hydrogel component and the second 
hydrogel component may be cross-linked to one another through an alginate gel to 
promote the direct crosslinking of the first and second hydrogel components to 
form a bioscaffolding. This embodiment is of particular use when the first 
hydrogel component and the second hydrogel component are thiolated and are 
crosslinked in situ in the infarct region of the heart by an oxidative disulfide bond 
formation. Crosslinking by disulfide bond formation is valuable because it 
increases cell viability in the infarct region of the heart where the bioscaffolding 
is formed. But, crosslinking the first hydrogel component and the second 
hydrogel component by disulfide bond formation through an oxidative process is 
a relatively slow process. Before the first and second hydrogel components have 
a chance to form disulfide bonds, the first and second thiolated components may 
diffuse away from one another such that the components are too far apart to 
crosslink through disulfide bond formation. The alginate gel is ionicaUy cross- 
linked by a soluble divalent salt such as calcium chloride (CaCl 2 ) or another 
calcium (Ca), barium (Ba), or strontium (Sr) salt. Sodium alginate goes in one 
lumen with the first hydrogel component and the divalent salt goes in another 
lumen with the second hydrogel component. When the sodium alginate and the 
divalent salt come into contact with one another the sodium alginate is cross- 
linked by the divalent salt to form an alginate gel within seconds. Amidst the 
alginate gel, the first and second hydrogel components will be locked within 
place. The temporary scaffolding formed by the alginate gel in the infarct region 
of the heart keeps the thiolated hydrogel components within close proximity to 
one another for a time sufficient so that they may form disulfide bonds. The 
alginate gel eventually degrades to leave only the first hydrogel component and 
the second hydrogel component crosslinked to one another by disulfide bonds. In 
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an alternate embodiment, the alginate gel may be injected as an alginate graft 
down one of the lumens with the first or second hydrogel component 
10044] As illustrated in Figure 3b, the two-bored needle 300 is injected into the 
inside of the left ventricle 310 of the heart (myocardium) 320 to deliver the first 
hydrogel 330 and the second hydrogel component 340 to an infarcted region of 
the heart at block 430 of Figure 4a. The infarcted region of the heart to which the 
first and second hydrogel components are delivered may be both the border zone 
and the remote zone to ensure full coverage of the bioscaffolding in the infarct 
region. In one embodiment, the first hydrogel component 330, hyaluronan 
functionalized with an electrophile (Michael acceptor) and the second hydrogel 
component 340, collagen, collagen-laminin, poly-l-lysine, or fibrinogen 
functionalized with a nucleophile (Michael donor), may be delivered to the 
infarcted region of the myocardium through the first and second needles, 
respectively. The first hydrogel component 330 functionalized with an 
electrophile (Michael acceptor) and the second hydrogel component 340 
functionalized with a nucleophile (Michael donor) are then crosslinked in the 
infarcted region to form a bioscaffolding by a Michael's addition reaction 
between the electrophile on the first hydrogel component 330 hyaluronan and the 
nucleophile on the second hydrogel component 340, collagen, collagen-laminin, 
or poly-l-lysine at block 440 of Figure 4a. Regardless of the mechanism by which 
the bioscaffolding is formed, the bioscaffolding may have pores with openings 
having a diameter in the approximate range of 1 micrometer to 60 micrometers. 
The pore size of the bioscaffolding will increase over time as cells begin to grow 
within the bioscaffolding due to the proteins secreted by the cells that decompose 
the bioscaffolding. The decomposition of the bioscaffolding over time allows for 
further in-growth of capillaries and cells. 

[0045] In another embodiment, the first hydrogel component 330 and the second 
hydrogel component 340 may be crosslinked in situ by a disulfide bond formed 
through an oxidative process. Disulfide bond formation through an oxidative 
process is the formation of a sulfur-sulfur bond 522 between the thiols 521 on the 
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first hydrogel component 330 and second hydrogel component 340 in the 
presence of oxygen or oxidative stress, as illustrated in Figure 5b. In Figure 5b, 
the first hydrogel component 330 is hyaluronan 500 and the second hydrogel 
component 340 is collagen 502. It is to be understood that the hyaluronan 500 
and the collagen 502 illustrated in Figure 5b may formed of many repeating units 
and not just one unit as illustrated. The second hydrogel component 340 may also 
be other hydrogels such as collagen-laminin, poly-l-lysine, or fibrinogen. A first 
hydrogel component 330 that is functionalized with a thiol 521 is placed within a 
first needle at block 450 of figure 4b and the second hydrogel component 340 
functionalized with a thiol 521 is placed in a second needle at block 460 of Figure 
4b. The amount of hyaluronan 500 with respect to collagen 502 that is injected 
may be any ratio. To minimize the amount of cross-linking between the 
components that occurs within the needles before delivery, the needles are purged 
with nitrogen prior to being loaded with the hydrogel components. The nitrogen 
purge may remove enough oxygen from the interior of the needles to prevent 
crosslinking by disulfide bond formation by an oxidative process prior to 
injection. The first hydrogel component 330 and the second hydrogel component 
340 are then delivered to an infracted region of the heart at block 470 of Figure 
4b. Once delivered to the infarct zone and/or the border zone the first hydrogel 
component 330 and the second hydrogel component 340 crosslink at block 480 of 
Figure 4b by the formation of disulfide bonds 522 as illustrated in Figure 5b due 
to the high levels of oxygen and oxidative stress within the infarct region. These 
disulfide bonds are formed relatively quickly. Oxidative stress is the presence of 
oxidative species such as superoxide radical anions and peroxides that are 
secreted by the macrophages that move into the infarct region due to the cell 
death. These oxidative species accelerate the formation of disulfide bonds 
between the hydrogel components. 

[0046] A biofunctional group may be bound or complexed to the second 
hydrogel component. The biofunctional group is modified with a linkage that is 
hydrolytically or enzymatically cleavable to allow for the release of the 
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biofunctional group. The biofunctional group may be bound to the second 
hydrogel component through a polyethylene glycol (PEG) polymer chain to keep 
the biofunctionality away from the backbone of the second hydrogel component. 
An embodiment of a synthesis to bind the biofunctional group to a hydrogel 
component is described below with relation to Figures 8a and 8b. The 
biofunctionality is kept away from the backbone to prevent the biofunctionality 
from becoming sterically engrafted into the crosslinked network. Also, once the 
hydrolytically unstable bond of the PEG chain is cleaved, the biofunctionality 
may easily diffuse from the matrix. 

[0047] The biofunctional group 505 may be an angiogenic factor such as bFGF, 
PDGF, or VEGF. Angiogenesis is the growth of capillaries into the infarcted 
region and the regeneration of myocytes. VEGF recruits endothelial cells and 
induces the formation of microcapillaries. Functionalizing the bioscaffolding 
containing hyaluronan with VEGF may produce a synergistic interaction between 
hyaluronan and VEGF. A study has shown that VEGF within crosslinked 
hyaluronan generated a blood vessel density more than twice the effect of the sum 
of hyaluronan alone plus VEGF alone (Stimulation of in vivo angiogenesis by 
cytokine-loaded hyaluronic acid hydrogel implants by Peattie et al. Biomaterials 
Volume 25, Issue 14, June 2004, Pages 2789-2798.) PDGF is a compound 
produced naturally in the body during the formation of new capillaries. PDGF is 
formed to aid in the formation of mature capillaries from young microcapillaries 
and also increases the viability of the mature capillaries. For these reasons, it may 
be valuable to provide PDGF to an infarct region on a bioscaffolding to enhance 
the growth of viable capillaries during angiogenesis. 

[0048] In an alternate embodiment, the biofunctionality bound to the second 
hydrogel component may be PR1 1 , or PR39. PR1 1 is a smaller protein sequence 
of PR39 having the structure of H 2 N-Arg-Arg-Arg-Pro-Arg-Pro-Pro-Tyr-Leu-Pro- 
Arg-OH. The terminal arginine acid functionality may be coupled to a HS-PEG- 
NH 2 . PR39 is a smaller sequence of the protein that increases the expression of 
the hypoxia inducing factor 1-cc (HIF 1-ot) and inhibits the degradation of HIF 1-a. 
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HIFl-a is a compound secreted by the body in areas of low oxygen perfusion, 
such as a myocardial infarct region of the heart. HIFl-a in turn controls the 
secretion of other angiogenic growth factors such as VEGF, PDGF and bFGF. 
Therefore, by binding PR1 1 or PR39 to the second hydrogel component, a 
cascade of compounds may be produced in the infarcted region by a single 
biofunctionality. In this cascade, PR1 1 or PR39 may control HEFl-a in the 
infarcted region and HIFl-a in turn may bring several growth factors needed for 
angiogenesis into the infarcted region, such as VEGF, PDGF, and bFGF. 
Angiogenesis is a complex process, and providing the combination of the growth 
factors controlled by HIFl-a to an infarcted region is valuable to promote the 
accelerated growth of capillaries into the bioscaffolding formed of the first and 
second hydrogel components. The compounds controlled by HIFl-a also prevent 
apoptosis (cell death) in the infarcted region and therefore improve myocyte 
viability in the infarcted region. PR1 1 is a small peptide having only 1 1 amino 
acids (Pro-Leu-Ty-Pro-Pro-Arg-Pro-Arg-Arg-Arg) and it has no tertiary protein 
structure. PR1 1 is therefore more resilient than larger proteins and will not 
degrade very easily. The small and uncomplicated PR1 1 peptide structure may 
withstand high temperatures and changes in pH. PR1 1 may therefore survive the 
synthesis of a second hydrogel compound to which PR1 1 is bound as well as the 
conditions within the body. Similarly, PR39 does not have tertiary protein 
structure and may be used in place of PR1 1 . 

[0049] The biofunctional groups, such as those just described, may induce the 
growth of new capillaries in the region and the production and influx of stem 
cells. This may be in addition to the natural influx of cytokines that the body 
recruits in response to the placement of the bioscaffolding into the body. The 
surrounding cells secrete cytokines that encourages the growth of growth factors, 
and after around two weeks, capillary growth may begin. The angiogenic factors 
on the bioscaffolding will accelerate and prolong this capillary growth so that 
myocytes may regenerate in the infarct and border zone regions of the left 
ventricle. Once the capillary growth and the influx of stem cells is sufficient to 
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support viable regeneration of myocytes in the infarct and border zone regions, 
the bioscaffolding may degrade at a faster rate to allow for the influx of more 
stem cells and the growth of the myocytes. The degradation of the bioscaffolding 
may be increased by the growth of capillaries because the increased blood flow 
into the region will also bring enzymes such as hyaluronidase and collagenase 
into the bioscaffolding to affect its degradation. The degradation time of the 
bioscaffolding may be regulated by the crosslinking density of the hydrogel 
components of the bioscaffolding. The bioscaffolding will degrade at a slower 
rate with an increasing amount of crosslinking. For example, the bioscaffolding 
may be crosslinked at every side group of the hydrogel components and may take 
up to two months to decompose. But, for example, if only one in ten of the 
sidegroups of the hydrogel components are crosslinked, then the scaffolding may 
take approximately 3 weeks to decompose. 

[0050] In another embodiment, the biofunctionality may be oligonucleotides that 
express angiogenic factors, anti-apototic factors, or proteins to inhibit or interfere 
with excessive smooth tissue cell proliferation. The oligonucleotides may be a 
DNA or an RNA sequence spliced into a plasmid complexed with a polyarginine 
peptide, a poly-l-lysine peptide, or a short DNA strand complexed with 
polyethylenimine (PEI). The angiogenic factors that may be expressed by the 
DNA sequence include a hypoxia inducing factor (HTF) isoform such as HTFl-a 
and HIF2-a. Other angiogenic factors that may be expressed include insulin drive 
growth factor (IGF) and nitric oxide synthase (eNOS). HTF- 1 -alpha binds to 
hypoxia inducible factor that in turn induces cells to release a variety of growth 
factors to signal the angiogenesis cascade. Growth factors are individual 
materials secreted at various points along the cascade. The DNA sequences may 
be transfected into the cells within the region where the bioscaffolding is formed 
and provide a permanent means of producing the angiogenic factors. The use of 
DNA sequences in a DNA plasmid/polyarginine complex or a DNA/PEI complex 
is valuable because the DNA is a small molecule that does not easily degrade 
under process conditions. DNA sequences are known to be able to survive 
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polymerase chain reactions (PCR) conducted under 90°C conditions, and may 
therefore be able to withstand high process temperatures used to synthesize the 
hydrogel components as well as temperature conditions within the body without 
degrading. DNA sequences also do not have the tertiary structure of more 
complex proteins and therefore are not so sensitive to denaturing. In one 
embodiment, a DNA plasmid has an overall negative charge and may be ionically 
complexed to a positively charged polyarginine peptide on a coating or 
scaffolding. The DNA plasmid may be released in situ by ion exchange by a 
hydrolytically or enzymatically cleavable linkage to a hydrogel. The 
bioscaffolding may possess a moiety that can ionically bind to the plasmid as well 
as allow for the efficient delivery and uptake of the genetic material. In one 
embodiment, the DNA plasmid 575 maybe linked to one of the hydrogels 507 
such as collagen, collagen-laminin, or poly-l-lysine by a polyarginine construct 
570 as illustrated in Figure 5c. The polyarginine peptide 570 is polycationic, 
meaning that it has an overall positive charge, and may therefore ionically bind 
with the negatively charged plasmid 575. The polyarginine peptide 570 may be a 
sequence of between 5 and 19 arginines, and more particularly 7 arginine 
sequences. Polyarginine 570 also may improve the transfection efficiency of the 
plasmid 575 into a cell. Figures 5d and 5e are a series of bar graphs illustrating 
the greater transfection rate of DNA plasmids complexed to polyarginine than 
DNA plasmids alone. The y-axis in graphs indicates the changes of DNA 
plasmid transfection rate in the presence of R7. The transfection rate is set as 1 in 
the absence of R7 (the first bar). R7 is the polyarginine peptide. 3T3 +MT1GFP 
stands for the condition in which embryonic mouse fibroblasts (3T3 cells) were 
transfected with the DNA plasmid MT1GFP alone. MT1GFP is a plamis that has 
a GFP sequence. 10:1 and 10:10 are the ratios of the plasmid to R7 in weight. 
[0051] hi another embodiment, genetic material encoded in an oligonucleotide 
may also be placed on a bioscaffolding by using a DNA/PEI complex. As 
illustrated in Figures 5f and 5g a DNA/PEI complex 511 maybe bound to the 
hyaluronan 508 component of the bioscaffolding by an ionic bond or a covalent 
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bond. The DNA/PEI complex 511 has an overall positive charge and may 
ionically bond to the negatively charged surface 509 of hyaluronan 508. A 
covalent bond between hyaluronan 508 and a DNA/PEI complex 51 1, as 
illustrated in Figure 5g may be formed by binding a first biotin molecule 512 to 
hyaluronan 508 and binding an avidin molecule 513 to the first biotin molecule 
512 bound to hyaluronan 508. A second biotin molecule 514 is bound to the 
DNA/PEI complex 511, and that second biotin molecule 5 14 is in turn bound to 
the avidin molecule 513 extending from the hyaluronan 508. Biotin and avidin 
have a very high affinity for one another and will form a very strong covalent 
bond linking the DNA/PEI complex 51 1 to the hyaluronan 508. The rate of 
transfection of the DNA from the DNA/PEI complex 511 that has been coupled 
with hyaluronan 508 has been shown by Segura T., et al. in "DNA delivery from 
hyaluronic acid/collagen hydrogels", ALCHE Annual Meeting, 2003, 216, to be 
higher than the rate of transfection of DNA into cells without the presence of 
hyaluronan. The proteins expressed by the DNA transfected from the DNA/PEI 
complex may be angiogenic factors such as HIFl-a, HTF2-X, IGF, and eNOS. In 
another embodiment the expressed proteins may also be proteins that inhibit or 
interfere with excessive smooth tissue cell proliferation such as protein kinase C 5 
(Protein Kinase C 5 Inhibits the Proliferation of Vascular Smooth Muscle Cells 
by Suppressing G, Cyclin Expression, Shinya et. al., The Journal of Biological 
Chemistry Vol. 272, No. 21, Issue of May 23, pp.13816 - 13822, 1997). In yet 
another embodiment, die expressed proteins may be anti apoptotic factors such as 
Bcl-2 {Suppression of signaling through transcription factor NF-AT by 
interactions between calcineurin and Bcl-2, Shibasaki et. al., Nature 
386(6626):728-31, April 17, 1997) and ILPTP (CT) peptide. 
[0052] In another embodiment, microspheres containing a stem cell homing 
factor, either individually or in combination with a stem cell mobilization factor, 
may be co-injected into an infarcted region of the heart along with the first and 
second hydrogel components. The microspheres may be approximately 3 weight 
percent of the total injectate. The dose of the stem cell horning factor within the 
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microspheres may be in an amount sufficient to draw stem cells into the region. 
The microspheres may be formed of poly(lactide-co-glycolide) and may have a 
diameter in the approximate range of 10 um and 50 um and more particularly in 
the range of 20 um and 30 um. The stem cell homing factor that may be 
encapsulated within the microspheres may be SDF-1 . SDF-1 would be valuable 
to place in the infarcted region because the body's natural signaling to stem cells 
tapers off around 14 days after a myocardial infarction due to the inflammation in 
the infarcted area. As the inflammation decreases over around 14 days, the body 
will stop signaling to stem cells to come into the area. Therefore, by providing 
SDF-1 to the infarcted region within microspheres that may degrade over a pre- 
determined time period beyond 14 days the signaling to stem cells to come into 
the region may be extended beyond the initial 14 days so that the regeneration of 
the myocytes in the infarcted region may occur. Additionally, hyaluronan 
fragments may play a role in the events underlying stem cell mobilization and 
trafficking of CD34+ hematopoietic progenitor cells (HPCs) induced by stromal 
cell-derived factor- 1 (SDF-1) (a stem cell horning factor) as described in 
Hyaluronan-Derived Oligosaccharides Enhance SDF-1 Dependent Chemotactic 
Effect on Peripheral Blood Hematopoietic CD34+ Cells by Sbaa-Ketata et al. in 
Stem Cells 2002;20:585-587 www.StemCells.com. The microspheres containing 
a stem cell homing factor may be injected in combination with allogenic or 
mesenchymal stem cells. 

[0053] In one particular embodiment, microspheres containing SDF-1 may be co- 
injected into the myocardial infarct region with hydro gel components to which 
PR 1 1 is bound. The combination of PR 1 1 and SDF-1 in an infarcted region may 
provide for enhanced angiogenesis. This is because the PR1 1 produces more 
capillaries that may support the viability of stem cells coming into the infarcted 
region. PR1 1 may produce capillaries in the infarcted region and as the 
micropheres containing the SDF-1 decompose they may release SDF-1 that 
signals stem cells from the bone marrow to come into the area. In yet another 
embodiment, the stem cell release factor GCSF (granulocyte colony stimulating 
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factor) may also be placed in microspheres or bound to the hydrogel components 
to work in conjunction with SDF-1. GCSF mobilizes stem cells from the bone 
marrow by placing more stem cells into the blood stream. The stem cells in the 
blood stream may then be drawn into the infarcted region of the heart by SDF-1 
where the growth of new capillaries into the bioscaffolding and the infarct region 
due to PR1 1 may increase the viability of the stem cells within the bioscaffolding. 
The stem cells may be retained within the bioscaffolding due to the RGD 
sequences on collagen or due to the strong adhesion of cells to poly-l-lysine. The 
microspheres may decompose over approximately a two-month period. The 
migration of stem cells into the bioscaffolding in the infarcted region causes the 
bioscaffolding to decompose at an accelerated rate to create room for more stem 
cells and for the myocytes to regenerate. The accelerated rate of decomposition 
of the bioscaffolding may occur because the migration of stem cells into the 
bioscaffolding also brings enzymes into the regions that will degrade the 
bioscaffolding, such as hyaluronidase and collagenase. 
[0054] Figures 5h - 51 illustrate an exemplary embodiment of the method 
illustrated in Figure 3b, the two-bored needle 300 is injected into the inside of the 
left ventricle 310 of the heart (myocardium) 320. The first hydrogel component 
330, hyaluronan functionalized with an electrophile (Michael acceptor) and the 
second hydrogel component 340, collagen, collagen-laminin, or poly-l-lysine 
functionalized with a nucleophile (Michael donor), may be delivered to the 
infarcted region of the myocardium through the first and second needles, 
respectively. In Figure 5h a pegylated vinyl sulfone 530 is bound to hyaluronan 
500 to form a pegylated vinyl sulfone functionalized hyaluronan 535. The 
molecular weight of the hyaluronan 500 has been reduced from that of the 
commercially available hyaluronan by acid digestion. The molecular weight of 
the commercial available hyaluronan may be approximately 2,500,000 g/mol. For 
proper solution properties, and viscosity for injection, it is desirable to reduce the 
molecular weight to within the approximate range of 20,000 g/mol and 60,000 
g/mol. The pegylated vinyl sulfone 530 is bound to hyaluronan 500 by 
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esterification. This pegylated vinyl sulfone 530 may be reacted with a thiolated 
collagen 540 such as the one illustrated in Figure 5i. In Figure 5i, a non- 
functionalized collagen molecule 525 is modified with 3,3'-dithiobis(propionoic 
dihydrazide) (DPT) 545 by a synthesis described by X.Z.Shu, Y.Liu, F. Palumbo, 
G.D. Prestwich, Biomateriats 24 3825-3834 (2003). In a roundbottom flask, 5 
grams of collagen 525 is dissolved in 500 grams of water. The collagen 525 
added to the flask has been made soluble in water by breaking the disulfide bonds 
which in turn breaks the collagen triple helix. To this collagen and water solution, 
5.0 grams of 3,3'-dithiobis(propionic dihydrazide) is added The pH of the entire 
solution is then adjusted with hydrochloric acid (HC1) to be approximately 4.75. 
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride is then added to 
enable amide bond formation between the 3,3'-dithiobis(propionoic dihydrazide) 
(DPT) 545 and the collagen 525. The compound 541 is then formed as a solid 
mass. The pH of this solid mass is adjusted with HC1 to maintain the 4.75 pH. 
With the formation of the solid mass, the reaction is terminated by adjusting the 
pH to 7.0 with 1 molar (M) NaOH (sodium hydroxide). Dithiothreitol (DTT) 
(25.0g) is added to the reaction media to cleave the disulfide bond to form the 
final product, the thiolated collagen 540. The pH of the solution is then adjusted 
to pH 8.5 with 1 M NaOH. The reaction media is stirred at room temperature for 
24 hours and the pH is re-adjusted to pH 3.5 with 1 M HC1. The sample is then 
dialysized in a dialysis tube in a media of pH 3.5. The sample is then centrifuged 
and lypholyzed. 

[0055] As illustrated in Figure 5j, the thiolated collegan 540 is then conjugated to 
a biofunctionality such as PR1 1, PR39, VEGF, bFGF, or polyarginine complexed 
to a DNA plasmid. The biofunctionality is first modified with a linkage that is 
hydrolytically or enzymatically cleavable to form the release of the 
biofunctionality once the bioscaffolding has been formed in the infarcted region 
of the heart. The modification of PR11, PR39, VEGF, or bFGF to a pegylated 
biofunctionality 550, is illustrated in Figure 5j. For PR1 1 (H 2 N-Arg-Arg-Arg- 
Pro-Arg-Pro-Arg-Pro-Pro-Tyr-Leu-Pro-Arg-OH), or PR39 that is a longer amino 
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acid chain that contains PR1 1, this includes amine coupling of the terminal 
arginine acid functionality to an HS-PEG-NH 2 to form a pegylated form of the 
PR1 1 or PR39 550, as illustrated in Figure 5j. The pegylated PR1 1 , PR39, 
VEGF, or bFGF 550 could then be coupled by heterolytic disulfide coupling to 
the thiol on the thiolated collagen 540, using less than stoichiometric amounts of 
HS-PEG-R 550 relative to the thiolated collagen 540 to obtain the desired 
amounts of the biofunctionality bound to the thiols on the thiolated collagen 540 
as illustrated as the biofunctionalized collagen 555. Figure 5k illustrates binding 
a polyarginine/DNA-plasmid complex to the collagen backbone. A polyarginine 
group is bound to a pegylate to form the compound 560. Compound 560 is then 
reacted with the thiolated collagen 540 to form a polyarginine functionalized 
collagen 565. The polyarginine group 570 has a positive charge due to the 
polycationic property of the arginines in the polyarginine group 570. The DNA 
plasmid 575 has a negative charge due to the polyanionic property of the plasmid. 
Therefore, the DNA plasmid 575 having a negative charge will be attracted to the 
positive charge of the polyarginine group 570 and form a complex. Upon 
injection into the body, the polyarginine undergoes hydrolytic cleavage from the 
polyethylene glycol group allowing for the efficient delivery of plasmid constructs 
to cells. 

[0056] Figure 51 illustrates the formation of a collagen and hyaluronan 
bioscaffolding 580 formed of the thiolated biofunctionalized collagen 555 and the 
pegylated vinyl sulfone functionalized hyaluronan 535. The pegylated vinyl 
sulfone functionalized hyaluronan 535 is added to a PBS buffered saline with a 
pH of 7.4. This solution may serve as the first hydrogel component with an 
electrophile (Michael Acceptor) 410 in Figure 4a and may be the first hydrogel 
component 330 in the two bore needle illustrated in Figure 3a. The thiolated 
biofunctionalized collagen 555 is then added to a second PBS buffered saline 
solution with a pH of 7.4. This solution may serve as the second hydrogel 
component with a nucleophile (Michael Donor) 420 illustrated in Figure 4 and 
may be the second hydrogel component 340 in the two bored needle 300 
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illustrated in Figure 3a. The biofunctionalized collagen 555 is then coinjected 
intraventricularly into an infarcted region of the heart with the pegylated vinyl 
sulfone functionalized hyaluronan 535. The amount of the biofunctionalized 
collagen 555 relative to the amount of the pegylated. vinyl sulfone functionalized 
hyaluronan 535 may be any ratio. The total amount of the hydrogel components 
that are injected may be an amount sufficient to form a bioscaffolding in both the 
border zone and remote zone of the infarcted region of the heart. In an 
embodiment, the total amount of the hydrogels delivered may be approximately 
0.2 milliliters of which approximately 2 to 5 weight percent of the solution 
delivered are the hydrogel components. When the two hydrogel components mix, 
the thiolated biofunctionalized collagen 555 and the vinyl sulfone functionalized 
hyaluronan 535 undergo a Michaels Addition reaction between the electrophilic 
vinyl sulfone and the nucleophilic thiol resulting in a crosslinked hydrogel 
bioscaffolding 580. The RGD portions of the collagen 555 backbone may bind to 
the myocytes (heart muscle cells) within the infarcted region of the left ventricle 
to hold the crosslinked hydrogel bioscaffolding 580 in place within the heart. In 
one embodiment, the hydrogel components may be coinjected with stem cells. 
The RGD sequences on die collagen may also bind to the stem cells to keep them 
in the bioscaffolding 580and aid in the acceleration of the regeneration of cells 
and the growth of capillaries into the infarct region (angiogenesis.) 
[0057] Figure 7a is a flowchart of a second embodiment of forming a 
bioscaffolding in situ. In this embodiment, the hydrogel components may be 
crosslinked by a Michael's reaction where each of the hydrogel components is 
functionalized with nucleophiles. A third component is added to the two 
hydrogel components to crosslink the hydrogel components. This third 
component is a crosslinking functionality that is functionalized on both ends with 
electrophiles that react with the nucleophiles on the hydrogel components through 
Michael's reactions to crosslink the hydrogel components to one another in situ. 
[0058] In an embodiment, a first hydrogel component functionalized with a 
nucleophile and a second hydrogel component functionalized with a nucleophile 
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and with a biofunctionality at block 701 of Figure 7a are placed within the first 
bore of a dual lumen delivery device, such as a two-bored needle or two-bored 
catheter. The first hydrogel component functionalized with a nucleophile may be 
thiolated collagen, collagen-laminin, or poly-l-lysine. The second hydrogel 
component functionalized with a nucleophile and a biofunctionality may be 
thiolated hyaluronan. A crosslinking functionality having several electrophiles X 
to react with the nucleophiles of the first and second hydrogels at block 702 of 
Figure 7a is placed in the second bore of a dual lumen delivery device. Examples 
of crosslinking functionalities are illustrated in Figure 7b. The crosslinking 
functionality may be difunctional PEG acrylates 700 or disulfides 710 where the 
R groups that functionalize the PEG acrylate 700 or the disulfide 710 may be any 
of the R groups 720 including acrylates 730, methacrylates 740, acrylamides 750, 
vinyl sulfones 760, and malamides 770. The contents of the first bore and the 
second bore are then delivered to an infarcted region of the heart at block 703 of 
Figure 7a. When combined, the contents of the first bore are crosslinked to one 
another by the crosslinking functionality from the second bore 720 to form a 
bioscaffolding. The first hydrogel component and the second hydrogel 
component are crosslinked by a Michael's addition reaction by the electrophiles 
of the crosslinking functionality reacting with the nucleophiles of the first and 
second hydrogel components at block 704 of Figure 7a. 
[0059] In an alternate embodiment, illustrated in Figure 7c, the first hydrogel 
component functionalized with a nucleophile at block 705 of Figure 7c is placed 
in the first bore of a three-bored delivery device, a second hydrogel component 
functionalized with an nucleophile and with a biofunctionality at block 706 of 
Figure 7c is placed in a second bore of the three-bored delivery device, and a 
crosslinking functionality having several electrophilic groups X at block 707 of 
Figure 7c is placed in a third bore of the three-bore delivery device. The first 
hydrogel component, the second hydrogel component, and the cross-linking 
functionality are then delivered to an infarcted region of the heart at block 708 of 
Figure 7c. The first hydrogel component and the third hydrogel component are 
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then crosslinked by the crosslinking functionality by a Michael's addition reaction 
in the infarcted region of the heart at block 709 of Figure 7c. 
[0060] Figures 8a - 8e illustrate one particular method of the embodiment 
illustrated in Figure 7c, where two hydrogel components functionalized with 
electophiles are cross-linked into a bioscaffolding by a cross-linking agent. 
Figure 8a illustrates the synthesis of a pegylated tBOC-Cysteine group 840 onto 
which a biofunctionality, such as PR1 1, may be bound and subsequently cleaved 
in situ. To synthesize the pegylated tBOC-Cysteine group 840, a 250 mL 
(milliliter) 3 necked round bottom flask under nitrogen with an addition funnel, 
nitrogen inlet/and outlet and condenser is provided for the reaction. To this flask, 
20.0 grams of 6.25 millimolar polyethylene glycol amine 800 is dissolved in 100 
mL of anhydrous toluene. To the dissolved polyethylene glycol amine, 
triethylamine (1.417g/14.0mmol) is added in the flask. Next, 4-tolsyl chloride 
(2.384g/12.5mmol) is added to the addition funnel. The solution in the flask is 
then diluted with lOmL of anhydrous toluene. Tosyl chloride 810 is then added 
dropwise to the polyethylene glycol (PEG) solution and stirred at room 
temperature for an hour. The solution is then slowly heated to 60°C and 
maintained at 60°C for three hours. The toluene is then reduced on a rotary 
evaporator. Water is added to the solution and a pH of 3 is achieved and 
maintained. The solution is then stirred for four hours. The solution is then 
added to a dialysis tube (MWCO 3K) and dialysis is performed for 6 turnovers. 
The sample is then lypholyzed to form the tosylated polyethylene amine 
compound (tosyl-O-PEG-amine) 820. The tosyl-O-PEG-amine 820 is then placed 
in a 100 mL roundbottom flask with a nitrogen inlet/nitrogen outlet and 
condenser. To this flask, fBOC -cysteine(Npys) 830 is added (2.492g/6.64mmol) 
along with N, N-dicyclohexylcarbodiimide (1.369g/6.64mmol) and 
tetrahydrofuran (50mL). The solution is then stirred for 1 hour at room 
temperature under nitrogen. NHS (0.7639g/6.64mmol) is then added to the 
solution and the solution is then stirred for '/i hour at room temperature. The 
tosyl-O-PEG-amine 820 is dissolved THF and added with a syringe to the flask. 
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The reaction is allowed to proceed overnight to form the pegylated tBOC- 
Cysteine group 840. After the reaction is completed, the sample is added to 
deionized water with the PH adjusted to pH 8.0. The pH is then adjusted to pH 
12 with potassium hydroxide and stirred for 12 hours. The sample is 
subsequently dialysized with a 3K MWCO dialysis cartridge. The sample is then 
lypholyzed. 

[0061] AnR group 850 is then added to the pegylated tBOC-Cysteine group 840 
to form compound 860, as illustrated in Figure 8b. The R group 850 may be any 
one of the biofunctionalities such as PR1 1, PR39, VEGF, bFGF, or polyarginine 
complexed with a DNA plasmid. Compound 860 is then bound to thiolated 
collagen 870 to form compound 880. Figure 8c illustrates the particular 
embodiment where the R group 850 is PR1 1 857 bound to pyridine 855. The 
PR1 1 857 bound to pyridine 855 is reacted with a pegylated tBOC-cysteine group 
840 using standard carbodiimide coupling to form the ester linkage, compound 
865. Compound 865 is then reacted with thiolated collagen to form the 
compound at 885. 

[0062] The compound 860, bound to an R-group 850 as the biofunctionality, of 
Figure 8b and the compound 865, bound to PR1 1 857 as the biofunctionality, of 
Figure 8c may be the second hydrogel component having a nucleophile (the thiol 
group). This second hydrogel component having a nucleophile may be 
crosslinked to a first hydrogel component having a nucleophile, such as a 
thiolated hyaluronan hydrogel illustrated in Figure 8d. The thiolated hyaluronan 
may be formed by adding 5g of low molecular weight (molecular weight between 
15 kiloDaltons (kD) and lOOkD) hyaluronan 815 dissolved in 500g of water to a 
roundbottom flask. To the flask, 3,3'dithiobis(propionoic dihydrazide) 805 
(2.975g/12.4mmol) is added to the hyaluronan 815 dissolved in water. The pH is 
then adjusted to 4.75 with hydrochloric acid. EDC (1 .2g) is then added to the 
flask and the pH is adjusted to maintain a pH of 4.75. With the formation of a 
solid mass in the flask, the reaction to form compound 825 is tenninated by 
adjusting the pH to 7.0 with 1 molar NaOH. The disulfide bond 835 is cleaved by 
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adding dithiothreitol DTT (25. Og) to the flask. The pH is then adjusted to a pH of 
8.5 with 1 molar NaOH. The solution within the flask is then stirred at room 
temperature for 24 hours to form the thiolated hyaluronan 890. The pH is then re- 
adjusted to a pH of 3.5 with 1 molar HC1. The sample is then dialysized in a 
dialysis tube in a media pH of 3.5, centrifuged, and lypholyzed. 
[0063] The thiolated hyaluronan 890 is then crosslinked to thiolated collagen 880. 
The thiolated hyaluronan 890 is crosslinked to the collagen compound 880 
through a cross- linking functionality 700 or 710 having electrophiles X, such as 
those illustrated in Figure 7b by a Michael's addition reaction between the 
nucleophilic thiolate groups on the collagen 880 and the hyaluronan 890 
hydrogels and the electrophiles X on the cross-linking functionalities 700 or 710. 
The crosslinked hyaluronan and collagen compound 895 results. In an alternate 
embodiment the thiolated hyaluronan 890 and the thiolated collagen 880 may be 
cross-linked to form disulfide bonds by an oxidative process as described above, 
in the absence of the cross-linking functionality 700 or 710. 
[0064] In yet another embodiment, the bioscaffolding components may be 
injected into the infarct region of the heart along with stem cells to promote the 
angiogenesis of the heart, hi this embodiment, the bioscaffolding may be formed 
of hyaluronan and a hydrogel that has an RGDx sequence. As shown in Figure 
9a, the hyaluronan and the hydrogel comprising an RGDx sequence is delivered 
to an infracted region of the heart at block 910. Stem cells, such as mesenchymal 
stem cells, are also delivered to the infarcted region of the heart at block 920. The 
amount of stem cells delivered to the infarcted region may be in the approximate 
range of 5 million and 300 million delivered through multiple injections. The 
number of injections varies depending on the amount of stem cells delivered and 
may be in the approximate range of 10 to 30 injections. Once delivered to the 
infracted region of the heart the hyaluronan and the hydrogel comprising the 
RGDx sequence crosslink to form a bioscaffolding at block 930. In one particular 
embodiment, the bioscaffolding is formed of hyaluronan and the hydrogel 
collagen that has an RGDx sequence. The hyaluronan and the collagen may be 
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crosslinked in situ in an infarct region of the heart by any of the methods 
described above. Those methods include crosslinking hyaluronan to collagen by a 
Michael's addition or by a disulfide bond formed by an oxidative process. Stem 
cells are co-injected along with the hyaluronan and the collagen into the infarct 
region of the heart. In another particular embodiment, the bioscaffolding may be 
formed of hyaluronan and fibrin. Fibrin is a hydrogel that has the RGDx 
sequence. The bioscaffolding is crosslinked in situ by a transamidation of 
hyaluronan with fibrinogen during the conversion of fibrinogen polymer to fibrin 
with Factor XHIa as illustrated in Figures 9b and 9c. Figure 9b illustrates the 
amidation of the non-reacted carboxylate functionalities 950 of hyaluronan 940 to 
the amides 960 of the amidated hyaluronan 970. Figure 9c illustrates the 
crosslinking of the amidated hyaluronan 970 with fibrinogen 980. The amidated 
hyaluronan 970 and the fibrinogen 980 are crosslinked in situ in an infarcted 
region of the heart by injecting the amidated hyaluronan 970 and the fibrinogen 
980 together from a single lumen or from two separate lumens while 
simultaneously injecting a calcium chloride enriched buffered solution of 
thrombin and mesenchymal cells down a lumen different from that delivering the 
hydrogels. In an embodiment, the hydrogels and the calcium chloride enriched 
buffered solution of thrombin and mesenchymal cells are injected into the border 
zone of the infarcted region of the heart. Within the infarct site the fibrinogen is 
converted to a fibrin monomer and polymer and the Factor XHIa transamidate the 
hyaluronan 970 with the fibrin 990. 

[0065] In another embodiment, the fibrin bioscaffolding may be formed by cross- 
linked fibrinogen hydrogel components that are co-injected with stem cells and a 
pore forming agent. Fibrin forms a solid gel structure with minimal porosity and 
the stem cells are initially locked within the bioscaffolding. The pore forming 
agent forms pores in the fibrin matrix to allow the stem cells to diffuse out of the 
fibrin bioscaffolding. The pore forming agent is water soluble and may be a sugar 
(e.g. D-mannitol), proteins (e.g. bovine serum albumin (BSA)), salts (e.g. NaCl), 
or high molecular weight polyethylene glycol (PEG) (e.g. PEG having a 
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molecular weight of 3400 grams/mole.) Suitable molecular weights are 200 to 
100,000, but preferably 300 to 20,000. Other hydrophilic materials useful as 
porogens are PVP (polyvinyl pyrrolidone), sodium carboxymethyl cellulose 
(CMC), dextran, soldium alginate, hyaluronic acid, chondroitan sulfate. 
Commercially available molecular weights may be higher than desired for some 
materials, but they can be reduced by acid digestion (e.g. HC1 for hyaluronan and 
CMC), or enzymatically (e.g. alginate lyase for Na-Alginate.) The water soluble 
pore forming agents are biocompatible and dissolve away to form water channels 
within the first 24 hours after the formation of the fibrin bioscaffolding. During 
this period of time, cells can spread into these channels and assume their healthy, 
normal, cell shapes. It is valuable that the bioscaffolding has an interconnected 
porous strucmre to maintain a healthy cell environment. Increased gas, waste and 
nutrient diffusion in and out of the fibrin matrix also increased the viability of the 
stem cells within the bioscaffolding. The size and interconnectivity of the porous 
channels within the fibrin matrix may be engineered to prevent the brittleness of 
the fibrin matrix by parameters including the concentration, the type, and the 
molecular weight of the pore forming agent. Different agents will have different 
levels of incompatibility with the gel matrix, hence this will affect porogen 
domain size. A pore forming agent may also be included with any of the other 
hydrogel components described herein that are used to form bioscaffoldings to 
increase the porosity of the bioscaffolding. The increased porosity of any of the 
bioscaffoldings described herein may be valuable in increasing the out-diffusion 
of the angiogenic factors, microspheres, or oligomeric materials within the 
bioscaffolding. 

[0066] The bioscaffolding may also be formed on a stent or a pacemaker lead. 
Bioscaffoldings that are formed on a stent or a cardiac medical device may have 
biofunctionalities, DNA plasmids, or DNA/PEI complexes that are suited to the 
particular use of the stent or the cardiac medical device. The cardiac medical 
device may be a lead for a pacing device, a defibrillator device, or a 
resychronization therapy device. The bioscaffolding may be formed of a plurality 
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of crosslinked hydrogel components. The plurality of crosslinked hydrogel 
components may be a combination of a first hydrogel component and a second 
hydrogel component, where both the first hydrogel component and the second 
hydrogel components are found in the extracellular matrix (ECM) of the body. In 
particular, the first hydrogel component may be hyaluronan and the second 
hydrogel component may be collagen, collagen-laminin, or poly-l-lysine. The use 
of a bioscaffolding formed of ECM components may be valuable in providing a 
stent having a coating that is compatible with the body and will not cause a great 
deal of inflammation and acid production in the area of the stent or the cardiac 
medical device that would damage the area as well as the stent or the cardiac 
medical device. Additionally, components of the ECM may be broken down by 
the body by enzymes found naturally within the body. As described above, the 
first and second hydrogel components may include functionalities that allow them 
to react with one another through a Michael's addition reaction to cross-link. The 
first hydrogel component of the bioscaffolding may be hyaluronan. The second 
hydrogel component of the bioscaffolding may be collagen, collagen-laminin, or 
poly-l-lysine. In one embodiment, the bioscaffolding may be formed on the stent 
or the cardiac medical device by spraying the first hydrogel component and the 
second hydrogel component onto the stent or the cardiac medical device from 
separate sources so that they react to form a cross-linked bioscaffolding after 
being sprayed onto the stent or the cardiac medical device. The first and second 
hydrogel components must come from separate sources so that they do not mix 
together and crosslink before being sprayed onto the cardiac medical device. In 
one embodiment, the first hydrogel component may be sprayed onto the cardiac 
medical device before the second hydrogel component is sprayed onto the cardiac 
medical device. In an alternate embodiment the second hydrogel may be sprayed 
onto the cardiac medical device before the first hydrogel component is sprayed 
onto the cardiac medical device. In yet another embodiment, the first and second 
hydrogel components may be sprayed simultaneously onto the cardiac medical 
device. Prior to spraying the hydrogel components onto metal cardiac medical 
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devices, a polymeric primer coat may be applied to the surface of the metal 
cardiac medical device where the bioscaffolding is to be formed. The 
bioscaffolding is then aged in a high oxygen atmosphere overnight (in the 
approximate range of 6 hours and 12 hours.) The bioscaffolding is then dried in a 
convection oven and processed as described in literature known to one of skill in 
the art. 

[0067] A stent or a cardiac medical device may also be coated with nucleic acid 
fragments of DNA or RNA to be transfected into the cells in the area where the 
stent or the cardiac medical device is placed in vivo. The transfected DNA or 
RNA may express proteins that are beneficial to the particular region of the body 
where the stent or cardiac medical device is placed. For example, proteins that 
are beneficial to be expressed in the region of a stent are proteins that inhibit or 
interfere with excessive smooth tissue cell proliferation (restenosis) or are anti- 
apoptotic factors. The nucleic acid fragments of DNA or RNA may be part of a 
plasmid complex. Alternatively, the nucleic acid fragments may be a DNA/PEI 
complex. 

[0068] The nucleic acid fragments of DNA or RNA may be coupled to the stent 
or cardiac medical devices as part of a bioscaffolding, as described above. In 
another embodiment, the nucleic acid fragments of DNA or RNA may be coupled 
to the stent or to cardiac medical devices by ionically coupling a plasmid 
construct to polyarginine groups on a polymer coating. Figure 10 illustrates 
forming the polymer 1004, binding polyarginine 1008 to the polymer 1004, and 
coupling a plasmid 1012 to the polyarginine 1008. A coating of the polymer 1004 
is formed on the stent or cardiac medical device by reacting monomers of 
aminoethyl methacrylate or aminopropyl methacrylate 1000 with poly(ethylene 
glycol) methacrylate or poly(ethylene glycol) acrylate 1002. The polymer 1004 is 
then reacted with the compound 1006 that includes polyarginine 1008 to form the 
compound 1010. The polymer compound 1010 that has the negatively charged 
polyarginine groups 1008 is then coupled via ionic interactions to the positively 
charged plasmids 1012 containing the DNA or RNA nucleic acid fragments. 
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Once placed in vivo, the plasmids 1012 dissociate from the polymer 1010 by ion 
exchange and may become transfected into the surrounding cells where the DNA 
or RNA within the plasmids 1008 may be expressed as proteins. 
[0069] In another embodiment, nucleic acid fragments of DNA or RNA may be 
coupled to a jacket of a cardiac medical device. The jacket of the cardiac medical 
device may be a silicone jacket or a urethane lead jacket on a cardiac medical 
device such as a lead for a cardiac pacing device, a defibrillator device, or a 
resychronization therapy device. The jacket is treated with an allyl amine plasma 
having a plasma field with a high energy in the approximate range of 90W and 
150W, depending on the architecture of the plasma chamber. The allyl amine 
plasma will form primarily tertiary amines on the jacket. The teriary amines are 
then ionized to quaternary amines by a reaction with an acid or an alkyl halide 
such as hydrochloric acid. Similar methods are described in United States 
Published Patent Applications 200201 46557 and 2005003 1 874. Subsequent 
immersion of the jacket in a plasmid solution will cause ionic binding of the 
positively charged plasmids to the negatively charged quaternary amines. Once 
placed in vivo, the plasmids may dissociate from the jacket by ion exchange and 
may become transfected into the surrounding cells where the DNA or RNA 
within the plasmids may be expressed as proteins. 

[0070] While the exemplary embodiment of the present invention has been 
described in some detail for clarity of understanding and by way of example, a 
variety of adaptations, changes and modifications will be obvious to those who 
are skilled in the art. Hence the scope of the present invention is limited solely by 
the following claims. 
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IN THE CLAIMS 
We claim: 

1 . A method of forming a bioscaffolding, comprising: 

delivering a first component comprising hyaluronan and an electrophile to 
an infarcted region of a heart; 

delivering a second component comprising a hydrogel component, a 
nucleophile, and a biofunctionality to the infarcted region of the heart; and 

cross-linking the first component and the second component in the infarcted 
region of the heart by a Michael's addition reaction. 

2. The method of forming a bioscaffolding of claim 1 , wherein delivering the 
first component and the second component comprises injecting the first 
component through a first bore of a two-bored delivery device into the infarcted 
region of the heart and injecting the second component through a second bore of 
the two-bored delivery device into the infarcted region of the heart. 

3. The method of forming a bioscaffolding of claim 1, wherein the hydrogel 
component is selected from the group consisting of collagen, collagen-laminin, 
poly-l-lysine, and fibrinogen. 

4. The method of forming a bioscaffolding of claim 1, wherein the 
biofunctionality is selected from the group consisting of PR1 1, PR39, VEGF, 
bFGF, a polyarginine/DNA plasmid complex, and a DNA/polyethyleneimine 
(PEI) complex. 

5. The method of forming a bioscaffolding of claim 1, further comprising 
delivering stem cells to the infarcted region of the heart. 

6. A method of forming a bioscaffolding, comprising: 
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delivering a first component comprising a first hydrogel and a nucleophile 
to an infarcted region of a heart; 

delivering a second component comprising a second hydrogel, a 
nucleophile, and a biofunctionality to the infarcted region of the heart; 

delivering a crosslinking functionality comprising a plurality of 
electrophiles to the infarcted region of the heart; and 

cross-linking the first component to the second component with the 
crosslinking functionality by a Michael's addition reaction. 

7. The method of forming a bioscaffolding of claim 6, wherein delivering the 
first component and the second component comprises injecting the first 
component and the second component through a first bore of a two-bored delivery 
device into the infarcted region of the heart and wherein delivering the 
crosslinking functionality comprises delivering the crosslinking functionality 
through a second bore of a two-bored delivery device into the infarcted region of 
the heart. 

8. The method of forming a bioscaffolding of claim 6, wherein delivering the 
first component comprises injecting the first component through a first bore of a 
three-bored delivery device, wherein delivering the second component comprises 
injecting the second component through a second bore of the three-bored delivery 
device, and wherein delivering the crosslinking functionality comprises injecting 
the cross-linking functionality through a third bore of a three-bored delivery 
device into the infarcted region of the heart. 

9. A method of forming a bioscaffolding, comprising: 

delivering a first thiolated hydrogel comprising hyaluronan to an infarcted 
region of the heart; 
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delivering a second thiolated hydrogel functionalized with a biofunctionality 
to an infarcted region of the heart, the second thiolated hydrogel selected from the 
group consisting of collagen, collagen- laminin, poly-l-lysine, and fibrinogen; 

crosshnking the first thiolated hydrogel to the second thiolated hydrogel in 
situ in the infarcted region of the heart by forming disulfide bonds through an 
oxidative process. 

10. A method of forming a bioscaffolding, comprising: 

deUvering a first thiolated hydrogel component and sodium alginate to an 
infarct region of a heart down a first lumen; 

delivering a second thiolated hydrogel component and a divalent salt to the 
infarct region of the heart down the first lumen in combination with sodium down 
a second lumen; 

crosslinking the alginate in situ in the infarct region of the heart; and 
crosslinking the first thiolated hydrogel component and the second thiolated 

hydrogel component by disulfide bond formation through an oxidative process in 

situ in the infarct region of the heart. 

11. The method of claim 10, wherein crosslinking the alginate in situ in the 
infarct region of the heart occurs before crosslinking the first thiolated component 
and the second thiolated component by disulfide bond formation through an 
oxidative process in situ in the infarct region of the heart. 

12. The method of claim 1 0, wherein the first hydrogel component comprises 
thiolated hyaluronan and the second hydrogel component comprises thiolated 
collagen functionalized with the biofunctionality comprising PR11. 

13. A method of forming a bioscaffolding, comprising: 
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delivering a hyaluronan hydrogel and a hydrogel comprising an RGDx 
sequence to an infarcted region of the heart in combination with a pore-forming 
agent; 

delivering stem cells to the infarcted region of the heart; 
crosslinking the hyaluronan hydrogel and the hydrogel comprising the 
RGDx sequence in the infracted region of the heart to form the bioscaffolding. 

14. The method of forming a bioscaffolding of claim 13, wherein the hyaluronan 
hydrogel comprises a reduced form of thiolated hyaluronan, the hydrogel 
comprising an RGDx sequence comprises fibrinogen, and the pore-forming agent 
comprises calcium chloride enriched buffered solution of thrombin, the stem cells 
comprise mesenchymal cells. 

15. The method of forming a bioscaffolding of claim 13, further comprising 
delivering Factor XHIa to the infarcted region of the heart. 

16. A method of forming a bioscaffolding, comprising: 

delivering fibrinogen hydrogel components to an infarcted region of the 

heart; 

delivering stem cells to the infarcted region of the heart; 
delivering a pore forming agent to the infarcted region of the heart; and 
crosslinking the fibrinogen hydrogel components in the infarcted region of 
the heart to form a fibrin bioscaffolding. 

17. The method of forming a bioscaffolding of claim 16, wherein the pore 
forming agent comprises a sugar, a protein, a salt, or molecular weight 
polyethylene glycol. 
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1 8. The method of forming a bioscaffolding of claim 16, further comprising 
forming pores within the bioscaffolding to allow the stems cells to diffuse out of 
the fibrin bioscaffolding. 

19. A bioscaffolding composition, comprising: 

a hydrogel; and 
PR11. 

20. The bioscaffolding composition of claim 19, wherein the hydrogel comprises 
hyaluronan and a second component selected from the group consisting of 
collagen, collagen-laminin, poly-l-lysine, fibrin. 

2 1 . A bioscaffolding composition, comprising: 

a hydrogel; and 

a DNA plasmid complexed to a polyarginine peptide, wherein the 
polyarginine peptide is coupled to the hydrogel. 

22. The bioscaffolding composition of claim 21, wherein the DNA plasmid 
contains DNA to express an angiogenic factor, wherein the angiogenic factor is 
selected from the group consisting of a hypoxia inducing factor isoform, nitric 
oxide synthase (eNOS), and a hemophatic growth factor, or wherein the DNA 
plasmid contains DNA to express an anti-apoptotic factor. 

23. The bioscaffolding composition of claim 21, wherein the polyarginine 
peptide comprises seven argenine sequences. 

24. A bioscaffolding composition, comprising: 

a first hydrogel comprising hyaluronan; 

a second hydrogel crosslinked to the first hydrogel to form a crosslinked 
hydrogel; and 
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a DNA/polyethylenimine complex, wherein the DNA expresses a protein 
selected from the group consisting of an angiogenic factor, an anti-apoptotic 
factor, and a protein to inhibit or interfere with excessive smooth tissue cell 
proliferation. 

25. The bioscaffolding composition of claim 24, wherein the 
DNA/polyethylenimine complex is bound to the crosslinked hydrogel through 
biotin and neutravidin. 

26. The bioscaffolding composition of claim 24, wherein the 
DNAypolyethylenimine complex is non-specifically bound to the crosslinked 
hydrogel by electrostatic attraction. 

27. An medical device, comprising: 

a cardiac medical device; and 

a bioscaffolding formed on the medical device comprising a hydrogel and a 
biofunctionality, wherein the hydrogel comprises hyaluronan and a hydrogel 
selected from the group consisting of collagen, collagen-laminin, poly-l-lysine, 
and fibrin. 

28. The medical device of claim 27, wherein the cardiac medical device is 
selected from the group consisting of a stent, a lead for a pacing device, a 
defibrillating device, and a cardiac resynchronization therapy device. 

29. The apparatus of claim 27, wherein the biofunctionality is selected from the 
group consisting of PR1 1, PR39, VEGF, bFGF, a polyarginine/DNA plasmid 
complex, and a DNA/polyethyleneimine (PEI) complex. 
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30. The medical device of claim 27, wherein the biofunctionality comprises an 
oligonucleotide to express an antiapoptotic factor or a protein to inhibit or 
interfere with excessive smooth tissue cell proliferation. 

31. A method of forming a medical device, comprising: 

applying a plurality of hydrogel components to a cardiac medical device; 

and 

crosslinking the plurality of hydrogel components on the cardiac medical 
device to form a bioscaffolding on the cardiac medical device. 

32. The method of forming a medical device of claim 3 1 , wherein applying the 
plurality of hydrogel components to the cardiac medical device comprises 
spraying hyaluronan and spraying a second hydrogel having a biofunctionality, 
wherein the hydrogel is selected from the group consisting of collagen, collagen- 
larninin, poly -1-lysine, and fibrin. 

33. The method of forming a medical device of claim 31, wherein the cardiac 
medical device is selected from the group consisting of a stent, a lead for a pacing 
device, a defibrillating device, and a cardiac resynchronization therapy device 

34. A method of forming a medical device, comprising: 

coating a cardiac medical device with a polymer coating; 
coupling polyarginine to the polymer coating; and 

coupling a plasmid construct to the polyarginine through ionic interactions. 

35. The method of forming a medical device of claim 34, wherein coating the 
cardiac medical device with the polymer coating comprises coating the cardiac 
medical device with an aminoethyl methacrylate monomer or an aminopropyl 
methacrylate monomer and a poly(ethylene glycol) methacrylate or a 
poly(ethylene glycol) acrylate and wherein coating the cardiac medical device 
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with the polymer coating may further comprise coating the cardiac medical device 
with a hydrophobic polymer. 

36. The method of forming a medical device of claim 34, wherein coating the 
cardiac medical device comprises coating a stent or a lead for a heart pacing 
device. 

37. A method of forming a medical device, comprising: 

treating a jacket of a cardiac medical device with an allyl amine plasma to 
form a plurality of tertiary amines on the jacket; 

ionizing the plurality of tertiary amines on the jacket to form a plurality of 
quaternary amines; and 

immersing the jacket in a plasmid solution to ionically bind a plurality of 
plasmids to the quaternary amines on the jacket. 

38. The method of forming a medical device of claim 37, wherein the cardiac 
medical device is selected from the group consisting of a lead for a heart pacing 
device, a defibrillating device, and a cardiac ^synchronization therapy device. 

39. The method of forming a medical device of claim 37, further comprising 
placing the cardiac medical device in vivo where the plurality of plasmids is 
released by ion exchange. 
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